abstract: Explanations for rapid species' range expansions have typically been purely ecological, with little attention given to evolutionary processes. We tested predictions for the evolution of dispersal during range expansion using four species of wing-dimorphic bush cricket (Conocephalus discolor, Conocephalus dorsalis, Metrioptera roeselii, and Metrioptera brachyptera). We observed distinct changes in dispersal in the two species with expanding ranges. Recently colonized populations at the range margin showed increased frequencies of dispersive, long-winged (macropterous) individuals, compared with longer-established populations in the range core. This increase in dispersal appeared to be short-lived because 5-10 years after colonization populations showed similar incidences of macroptery to populations in the range core. These changes are consistent with evolutionary change; field patterns persisted when nymphs were reared under controlled environmental conditions, and range margin individuals reared in the laboratory flew farther than range core individuals in a wind tunnel. There was also a reproductive tradeoff with dispersal in both females and males, which could explain the rapid reversion to lower rates of dispersal once populations become established. The effect of population density on wing morphology differed between populations from the range core (no significant effect of density) and expanding range margins (negative density dependence), which we propose is part of the mechanism of the changes in dispersal. Transient changes in dispersal are likely to be common in many species undergoing range expansion and can have major population and biogeographic consequences.
habitat (Hengeveld and Haeck 1982; Brown 1984; Svensson 1992; Lawton 1993; Thomas 1993; Thomas et al. 1999) and selecting for low rates of dispersal (Travis and Dytham 1999 ). Yet range changes in response to interglacial and recent changes in climate have often been swift (Hewitt 2000) . Given the prevailing view of evolutionary stasis during range shifts in response to interglacial climate change (Coope 1995) and species invasions (Williamson 1996) , the most common purely ecological explanation for this apparent contradiction has been that chance colonization events over very long distances must be responsible (Clark et al. 1999) .
However, evolutionary stasis cannot be assumed. Models for the evolutionary maintenance of dispersal in heterogeneous landscapes (Hamilton and May 1977; Hastings 1983; Levin et al. 1984; Crespi and Taylor 1990; McPeek and Holt 1992; Olivieri et al. 1995; Holt and McPeek 1996; Travis and Dytham 1998) should be applicable to range expansion (Holt 2003) . Increased habitat availability in response to climate change (Gaston 1990; Brown and Lomolino 1998; Law et al. 2003) should select for successful colonists and increased rates of dispersal. Changes in species' distributions during the present interglacial have been marked by declines in genetic variation (Hewitt 1993 (Hewitt , 1996 Williamson 1996; Bernatchez and Wilson 1998) , suggesting that repeated population bottlenecks took place during range expansion (Nei et al. 1975; Hewitt 1996) . If selection on traits associated with colonization coincides with these bottlenecks, response to selection during range expansion could be rapid.
There is some evidence that populations in areas of recent range expansion may have relatively high dispersal rates (Cwynar and MacDonald 1987; Niemela and Spence 1991; Hill et al. 1999; Thomas et al. 2001) . However, given the potentially high costs of dispersal (insects : Roff 1986; Wagner and Liebherr 1992; Zera and Denno 1997; birds and mammals: Johnson and Gaines 1990 ; plants: Eriksson and Jakobsson 1999) , once populations are founded, individuals with a high reproductive output should be favored (Travis and Dytham 2002) . Thus, increased dispersal may be transient. Once new distributions have become established, the evolutionary processes responsible for rapid range expansion may soon cease to be obvious, re-quiring specific and detailed studies to detect .
We predict range expansion to be characterized by two distinct phases. First, populations at the expanding margin should be characterized by large numbers of migratory individuals due to their selective advantage during the founding of new populations. Second, as more populations in the landscape are established and the selective advantage to dispersal is reduced, costs of migration should select for lower dispersal rates, and so these populations should come to resemble the long-established distribution core. Using an individual-based, spatially explicit model that includes a cost to dispersal, Travis and Dytham (2002) showed that these two phases of evolution should occur during range expansion. In this article, we tested these hypotheses using a model system of bush crickets with a dispersal polymorphism.
The Study System. Wing-dimorphic insects provide an excellent model to test predictions of evolution of dispersal as they show distinct dispersal morphs. Macropterous (long-winged) individuals are physiologically and morphologically capable of dispersing, while brachypterous (short-winged) individuals are incapable of sustained flight (Harrison 1980; Roff 1986; Zera and Denno 1997) . In crickets, a heritable component to wing morphology has been shown by see also Harrison 1980) , showing that the propensity to develop as one morph or the other may evolve (Fairbairn 1994) . Potential environmental influences on wing morph development include population density, temperature, photoperiod, food quality, and food availability (Harrison 1980) .
Wing dimorphism in insects is likely to be controlled by juvenile hormone (JH) titer mediated by a threshold of response (Southwood 1961; Wigglesworth 1961; Roff 1986 Roff , 1994 Fairbairn 1994; Zera and Denno 1997; Zera et al. 1998 ; but see also Zera 1999) . In Orthoptera, JH has been shown to be involved in the reproductive trade-off with wing morphology (Zera and Mole 1994; Fairbairn and Yadlowski 1997; Zera and Denno 1997; Zera et al. 1998; , demonstrating a direct, physiologically mediated cost to dispersal. Female macropters tend to have lower fecundity (Mole and Zera 1993; Zera and Mole 1994; Tanaka and Suzuki 1998; see also Roff 1986; Zera and Denno 1997) . The costs of macroptery in males have been less well studied, although macropterous males have been shown to have lower reproductive success than brachypters (Crnokrak and Roff 2000; Langellotto et al. 2000) . Spermatophore production in Orthoptera requires huge investment on behalf of the male (Wedell 1993a (Wedell , 1993b (Wedell , 1994 Vahed and Gilbert 1996; Gwynne 1997) and so may show a trade-off with macroptery.
We used four species of wing-dimorphic bush cricket Marshall and Haes 1988; Haes and Harding 1997; Widgery 2000 Widgery , 2001 Widgery , 2002 . Their congeners, short-winged conehead (Conocephalus dorsalis) and bog bush cricket (Metrioptera brachyptera) have shown little or no range expansion over the same time period ( fig. 1C, 1D ; Skelton 1978; Marshall and Haes 1988; Haes and Harding 1997; Widgery 2002) , and so these species are also considered for comparison. Conocephalus dorsalis, M. roeselii, and M. brachyptera show a distinct wing dimorphism, and the brachypterous morphs are clearly incapable of flight (Marshall and Haes 1988) . Conocephalus discolor, however, has a normal long-winged morph and a rarer extra-long-winged morph (Marshall and Haes 1988) . Both are capable of some flight (Ando and Hartley 1982) , although it has been assumed that only the extra-long-winged morph performs between-patch dispersal (Haes 1999) , which suggests that this species is dimorphic with respect to dispersal ability; this assumption is tested here. For consistency with the other species, extra-long-winged C. discolor is referred to as "macropterous," and long-winged C. discolor as "brachypterous." Thomas et al. (2001) found more macropters in populations at the expanding range margin of C. discolor and M. roeselii than in the core of their range. This is supported by observations of the introduction and subsequent spread of M. roeselii in North America (Vickery 1965) and the colonization of polders in the Netherlands by macropterous carabid beetles (den Boer 1970) . We evaluate the relationship between macroptery and population colonization history and with the environmental variables that may potentially affect wing-morph development.
Methods
For Conocephalus discolor and Metrioptera roeselii, we considered only populations with a known record of colonization (J. Widgery, personal communication; United Kingdom county Orthoptera recorders, personal communication). Recorded history is an imperfect measure of true colonization history, however, so we also measured the distance (km) of each population from the 1976 distribution (the range core, i.e., the distribution before any major range expansion; Marshall and Haes 1988 ) using the software Spatial Analysis for Ecologists (Hartley 2001) .
The more static distributions of Conocephalus dorsalis and Metrioptera brachyptera are used for comparison. For these species, it was not possible to measure population history in the same way as described above, so we classified each population of C. dorsalis and M. brachyptera as "range core" if the 10-km square (of the U.K. Ordnance Survey grid system) in which the population is found is surrounded on all four sides by occupied 10-km squares; a population was classified as "range margin" if the 10-km square in which it is found is bordered on one or more sides by an unoccupied 10-km square. Given the results, this difference in how to define "range margin" is not important.
Field Survey
Populations were surveyed between July 15 and October 15 in 2000 and 2001 when adults were present (Marshall and Haes 1988) . Over the 2 years, we surveyed 63 C. discolor populations occurring at varying distances (0-244 km) from the range core and of varying time (1-69 years) since colonization and 33 M. roeselii populations from 0 to 75 km from the range core and colonized for between 1 and 89 years. This effectively gave us transects across and throughout the species' distributions, including areas of recent expansion. Equal numbers of range margin and range core C. dorsalis (9 margin, 9 core) and M. brachyptera (9 margin, 9 core) populations were selected. The location of sampled populations is shown in the color version of figure 1 in the online edition of the American Naturalist. Exact grid references, along with sample sizes and date first recorded colonization, are given in table 1.
At each site, we caught as many individuals as possible in 4 h of searching. Males were generally located from their call, while females required a more methodical search of the vegetation. Wing morphology (macropterous or brachypterous) was recorded for every individual, and where possible, we measured wing and body (head to cercus) length to the nearest 0.5 mm using a precision ruler. Wing morphology data were used to calculate the proportion of individuals in the population that was macropterous. Wing and body length measurements were used to test the accuracy of assigning an individual to one morph or the other. These data were also used to show a bimodal distribution of wing lengths for C. discolor, which has a less distinct wing dimorphism than the other three study species.
The effect of microclimate was investigated by recording site altitude, by measuring slope and aspect of the site using a compass clinometer, and by measuring vegetation sward height in 2001 using a drop disc. We investigated regional temperature effects using a data set that gives interpolated estimates of temperature for every 10-km square in Britain for each month of the year (Barrow et al. 1993) . We used temperatures only for MayJuly, when nymphs undergo wing development (Marshall and Haes 1988) . We also tested the effect of site latitude (photoperiod) and longitude because these will be correlated with overall local environmental conditions. The weather conditions during the survey were also recorded in case they affected the chance of finding one morph or the other.
There is some evidence that population density affects the propensity of these species to develop as one wing morph or the other (Ando and Hartley 1982; Marshall and Haes 1988) . In 2001 we estimated population density using two methods: by recording encounter rate with adult individuals as we searched (mean time[s] to see or catch 10 individuals) and by recording the number of singing males that could be heard from randomly chosen locations during 5-min intervals. The point estimate of singing male density was repeated in five locations per population. Analysis was by generalized linear models (GLMs) and was carried out separately for each species for each survey (2000 and 2001) . Our dependent variable is a proportion, so we used logistic regression techniques (see Trexler and Travis 1993) . Data from Cornwall populations were excluded from the "distance from range core" analyses for C. discolor because they may have been colonized independently from France rather than from the 1976 U.K. distribution (E. C. M. Haes, personal communication) .
Laboratory Experiments
Laboratory experiments were carried out only on the species undergoing range expansion: C. discolor and M. roeselii. Comparisons are made between range core populations (present in the 1976 survey; Skelton 1978) and expanding range margin populations (colonized during the period 1997-2002). Conocephalus discolor stock was collected from three range core populations and four expanding range margin populations. Metrioptera roeselii stock was collected from three range core populations and five recently colonized populations. Grid references and dates of colonization are given in table 2. For both species, recently colonized (within 5 years) populations were all from the range margin, and so we hypothesized that more macropterous individuals would develop under controlled conditions in these populations than in the longer-established (120 years) range core populations.
Individuals were reared from eggs collected from brachypterous adults caught in September 2001 using the protocol of Vahed (1994) . Additional first-and secondinstar nymphs were collected from the field in May 2002 by sweep netting. Both sets of nymphs were reared under the same controlled conditions.
Common-Environment Rearing. Observed field-recorded variation among populations in proportion of macropterous individuals may reflect environmental differences across the landscape. Thus, individuals from different populations were reared under common environmental conditions. Nymphs were housed in -mm TQ3564  1987  24  14  TQ3260  1949  …  38  TQ8385  1981  38  19  TQ034984  1996  …  40  SU7842  1996  13  50  SU850605  1992  3  29  TQ7985  1930  24  30  SP192148  1999  7  4  TQ1256  1991  29  17  TA3917  1930  …  18  TQ495494  1997  19  23  TL3270  1998  …  2  SU9763  1991  19  4  TL5466  1999  2  19  TQ690688  1993  …  33  TQ582473  1998  3  …  SU784728  1993  …  18  TQ602468  1999 28 … cages under an 18L : 6D light regime and fed ad lib. on wheat seedlings, wheat germ, and apple pieces. The cages were sprayed twice daily to provide drinking water and to maintain humidity. Temperature was held at a constant 30ЊC. For each population, cages were populated by one (#5 replicates), two (#5), four (#4), eight (#4), 16 (#3) or 20 (#1) individuals, giving 154 cages in total for C. discolor and 176 for M. roeselii. The critical time in wing development in the crickets Gryllus rubens (Zera and Tiebel 1989) and Gryllus firmus (Fairbairn and Yadlowski 1997) is the final instar. We therefore also recorded cage density at the final molt into adult for each individual and calculated mean final density for each cage. The proportion of individuals molting into macropterous adults was recorded for each cage. For the C. discolor experiment, cages were populated with either exclusively field-caught nymphs or exclusively egg-reared nymphs. Each laboratory-reared nymph was housed in a cage with nymphs each from a different family (different mothers), so the number of families per cage equaled the number of individuals. We had no way of knowing to which family field-caught nymphs belonged, so it is possible that more than one individual from the same family was housed in the cage. For the M. roeselii experiment, all cages were populated by field-caught nymphs because of 100% mortality in nymphs from captive-reared eggs. We analyzed these data using a nested-design GLM.
Flight Ability in C. discolor. We investigated flight ability in C. discolor because this may also be affected by selection at the expanding range margin (i.e., macropterous individuals may vary in flight ability). Furthermore, we wanted to test whether this species is truly dimorphic for dispersal. We used only individuals that had molted to adult within the previous two weeks. Twenty-nine individuals (18 female, 11 male) from two range core and four range margin populations were flown in a small wind tunnel, tethered to a length of 1-mm-diameter aluminum alloy wire using modeling wax. The other end of the wire was loosely looped over a clamp arm suspended over the flight tunnel allowing the tether to swing freely. The study animal was suspended 100 mm from the floor of the wind tunnel, 250 mm away from the wind source. A baffle was used to ensure a planar flow of air through the wind tunnel. Air velocity was set at a constant 2.8 m/s (mean flight speed of C. discolor; Simmons 2003) . Individuals flew as soon as they were suspended in midair and air was blown over them. We measured how long (seconds) they flew until exhaustion (defined as refusing to fly for 60 s; a measure of maximum flight capability). Whenever necessary, flight was stimulated by simply passing a hand across the individual's field of vision. Flights were conducted close to 25ЊC, although temperature within the wind tunnel was measured in case any variation confounded our results in any way. Individuals were weighed prior to flight using a Precisa 125A balance to the nearest 0.1 mg because provisioning and wing loading might affect flight time. The distance flown by each individual was calculated from air speed and time spent flying.
Reproductive Trade-off in C. discolor. Very few macropterous individuals developed in our M. roeselii experiments, giving us little stock to investigate the reproductive trade-off in this species, so measurements were taken only for C. discolor. All nymphs were reared on the same diet of wheat seedlings, wheat germ, and apple pieces. All individuals were weighed using a Precisa 125A balance to the nearest 0.1 mg on the same day they molted to adult, allowing us to compare overall differences in weight between macropterous and brachypterous individuals. Twenty-seven brachypterous and 10 macropterous females were mated each with a random brachypterous male after molting to adult, and they were allowed to lay eggs in hollow grass stems or damp cotton wool. This material was checked daily for 4 weeks and the number of eggs laid were counted. Four weeks after molting to adult, these females and 20 brachypterous and eight macropterous 4-week-old, virgin males were killed and dissected to investigate the allocation of resources to the abdomen (reproduction; Marshall and Haes 1988; Chapman 1998 ) and thorax (flight; Marshall and Haes 1988; Chapman 1998 ; see also Berwaerts et al. 2002) . The abdomen of each female was carefully dissected and the chorionated eggs removed and counted, giving us total egg production over 4 weeks. The eggs and gut were then replaced inside the abdominal cavity so that it could be dried, along with the (wingless) thorax, in a drying oven at 80ЊC for 5 days. Male thoraxes and abdomens were dried in the same way. Dry weights were measured using a Precisa 125A balance to the nearest 0.1 mg. Egg number and relative allocation to thorax and abdomen were analyzed within a single multivariate ANCOVA with body weight as a covariate.
Spermatophylax Weight. This experiment was only carried out with C. discolor because too few macropterous M. roeselii developed. Male Orthoptera only stridulate when they are capable of mating (Loher and Dambach 1989; N. Wedell, personal communication) , so we used only singing males. Six virgin macropterous and six virgin brachypterous males were allowed to mate individually, each with a different randomly chosen virgin female. The males were not those later dissected to investigate allocation of resources. Matings took place in an empty -90 # 90 # 210 mm cage placed on its side. Each male was weighed to the nearest 0.1 mg before and after mating using a Precisa 125A balance. The male was allowed to mate with the female, and once the spermatophore had been fully transferred and the individuals had separated, the female was caught and the external spermatophylax was removed using a pair of entomological forceps. The spermatophylax was weighed on a Cahn 28 Electrobalance to the nearest 0.01 mg. We predicted that brachypterous males would produce larger spermatophylaces than macropterous males and so used a one-tailed ANCOVA with fresh body weight as a covariate. Only males from range margin populations were used, so no comparison could be made between range core and range margin individuals.
All statistical analyses were carried out using SAS (SAS, Cary, N.C.). Means are given ‫1ע‬ SE.
Results

Field Survey
Assignment of individuals as one wing morph or the other was found to be 100% reliable for Metrioptera roeselii ( ) , Metrioptera brachyptera ( ), and n p 261 n p 84 Conocephalus dorsalis ( ) and 98% reliable for n p 111 Conocephalus discolor ( ) based on logistic ren p 1,101 gressions using body and wing length data. For C. discolor, we derived the logistic regression equation representing equal probability of being assigned to each morph and calculated wing length residuals from this line. These residuals were then plotted as two frequency histograms; one for presumed brachypters and one for two macropters. The plots were done separately because many more brachypters were measured than macropters. These histograms were then overlaid, revealing a bimodal distribution of wing lengths ( fig. 2 ) and confirming that this species is wing dimorphic.
Conocephalus discolor. Proportions of macropterous individuals were analyzed using logistic regression techniques in a generalized linear model (GLM). Numbers of individuals recorded at each site varied greatly, so we weighted each data point (proportion) by population sample size (weights were normalized to add up to actual sample size, i.e., number of populations). For each variable and factor in the logistic regressions, the slope (b) shows the direction of response and is given along with a Wald statistic and the number of populations sampled (n). Population sample sizes are given in 
0.0566 df p 1 n p 42 Wald p 5.14 P ! .05 highest proportion of macropterous individuals in both years when these variables were tested separately.
All variables were then tested using forward stepwise regression to explore which other variables were associated with wing morphology. The model was repeated, adding independent variables in different orders, although this had no effect on which ones remained in the model. The full models differed slightly between years. Distance from range core had a significant effect in 2000 ( , fig. 3D ), although the associadf p 1 n p 29 P p .14 tion was still negative.
In the full 2000 GLM that includes a range of environmental variables, distance from range core had a significant effect ( , , , , b p 0.0600 Wald p 13.93 df p 1 n p 17 P ! ), and there was a positive effect of altitude ( .001 b p , , , , ). As with 0.0200 Wald p 6.06 df p 1 n p 17 P ! .05 C. discolor, the order in which the variables were added into the model did not affect the results. In 2001, however, when levels of macroptery were low in general ( fig. 3D) fig. 4B ). There was no effect, whether cages were made .37 up from field-caught nymphs or from nymphs hatched from laboratory-reared eggs ( , , Wald p 0.00 df p 1 n p , ) . 101 P p .99 Metrioptera roeselii. We were unable to obtain reliable model estimates when analyzing M. roeselii data in the full nested model described above. Therefore, we restricted our analysis to testing for a difference between range core and margin populations. Very few individuals developed to be macropterous in captivity (eight of 225). Nonetheless, populations from the expanding range margin produced a higher proportion of macropterous individuals than populations from the range core ( , , Wald p 7.95 df p 1 , ; fig. 4C ). n p 8 P ! .005
Flight Ability of C. discolor. Distance flown to exhaustion (km) was square-root transformed for normality. Macropterous and brachypterous individuals differed dramatically in their ability to fly (GLM: , , F p 33.45 df p 1, 23 ; macropters: km, ; bra-P p .0001 X p 12.3 ‫ע‬ 2.1 n p 17 ) for range core populations ( mean ‫ע‬ SE n p 38 cages) and expanding range margin populations ( cages). B, C. discolor: cage density on final molt against mean proportion of individuals n p 69 developing to be macropterous per cage for range core populations (solid circles) and range margin populations (hollow circles). C, Metrioptera roeselii: proportion of macropterous individuals produced per cage ( ) for range core populations ( cages) and expanding range mean ‫ע‬ SE n p 44 margin populations ( cages). D, M. roeselii: cage density on final molt against mean proportion of individuals developing to be macropterous n p 37 per cage for range core populations (solid circles) and range margin populations (hollow circles).
chypters:
km, ). There was no X p 0.02 ‫ע‬ 0.01 n p 12 difference between range core and range margin populations in distance flown ( , , ), F p 5.19 df p 1, 4 P p .07 although there was a significant interaction between wing morphology and population location ( , F p 9.28 df p , ; fig. 5 ). Macropters from the expanding range 1, 4 P ! .05 margin were capable of fourfold longer flight times ( km, ) than macropters from X p 16.7 ‫ע‬ 2.3 n p 11 range core populations ( km, ). Bra-X p 4.2 ‫ע‬ 0.8 n p 6 chypters from both the expanding range margin (X p Dispersal Changes during Range Expansion 389 ) by brachypmean ‫ע‬ SE terous Conocephalus discolor individuals from the range core ( ), n p 6 brachypterous individuals from the expanding range margin ( ), n p 6 macropterous individuals from the range core ( ), and macropterous n p 6 individuals from the expanding range margin ( ). n p 11 km,
) and the range core ( 0.04 ‫ע‬ 0.03 n p 6 X p km, ) were incapable of producing 0.007 ‫ע‬ 0.002 n p 6 sustained flight. There was no effect of sex, method of rearing (from egg or field-caught nymph), wind-tunnel temperature, weight of the individual, wing length within morph, or the density at which an individual was reared on distance flown.
Reproductive Trade-off in C. discolor. Separate analyses were carried out for males and females as the two sexes may differ in their trade-offs.
Body Weight. Brachypterous individuals had a heavier fresh adult weight than macropterous individuals in both females ( , , ; brachypters: F p 43.52 df p 1,147 P ! .0001 g, ; macropters: Spermatophylax Weight. Spermatophylax weight was measured in a set of males different from those used for the allocation of resources experiment and so cannot be analyzed in the multivariate analysis above. We tested for a difference between macropters and brachypters in an ANCOVA using body weight as a covariate. However, there was no significant effect of body weight on spermatophylax weight ( , , ) , so this was ex-F p 0.642 df p 1, 10 P p .38 cluded from the analysis. Brachypterous males (X p mg, ) produced a significantly heavier 13.00 ‫ע‬ 0.47 n p 6 spermatophylax than macropters ( mg, X p 10.98 ‫ע‬ 1.10 ; one-tailed ANOVA:
, , n p 6 F p 3.25 df p 1, 10 P p ; fig. 8 in the online edition of the American Naturalist). .05
Discussion
Species range boundaries are rarely static (Gaston 1990 ), although they may be broadly classified as relatively stable/ fluctuating, contracting, or expanding (Udvardy 1969) . The evolutionary dynamics at contracting range margins may be similar to those acting at stable margins because there will be little or no advantage to dispersal, and so costs of migration should be dominant in driving the evo-lution of dispersal. At static range margins, populations are likely to be adapted to local environmental conditions (Thomas 1993; Thomas et al. 1999) . Suitable habitat tends to be highly fragmented (Hengeveld and Haeck 1982; Brown 1984; Svensson 1992; Lawton 1993) , which is likely to select for infrequent dispersal due to low colonization success in migrant individuals (Hastings 1983; Holt 1985; Olivieri and Gouyon 1997) . Coadaptation of two or more traits may proceed in evolutionary feedback loops (Ferrière and Le Galliard 2001) ; thus, local adaptation and infrequent dispersal may reinforce each other in such a loop (Kisdi 2002 ). Migration will move individuals from where they are locally adapted and so should be selected against (Balkau and Feldman 1973; Asmussen 1983; Meszéna et al. 1997) , and low gene flow between populations will facilitate local adaptation (Brown and Lomolino 1998) . Static range margins should therefore be characterized by specialized, sedentary populations, as our results for Metrioptera brachyptera and Conocephalus dorsalis suggest.
During range expansion, empty habitat patches will be available for colonization, so increased frequency of dispersal should be favored (Travis and Dytham 2002) . Furthermore, selection may favor habitat generalists that can exploit novel environments encountered during expansion (MacArthur and Wilson 1967; Ziegler 1976; Safriel and Ritte 1980; Kisdi 2002) . Anecdotally, both C. discolor and M. roeselii have increased their habitat breadth during expansion (Widgery 2000 (Widgery , 2001 (Widgery , 2002 . Selection for "habitat generalism" should be reinforced by increased gene flow among populations in different habitats, and the evolution of generalists that can occupy more than one habitat type may reduce costs associated with dispersal by increasing the number of habitat patches available for colonization (Kisdi 2002) . In this way, high rates of dispersal should be favored and maintained during the initial stages of colonization in an alternative feedback loop.
Our results for the two species with expanding distributions are consistent with these predicted evolutionary changes. In the field, dispersive morphs (macropters) were up to eight times more frequent at the expanding range margin than within the rest of the distribution in Conocephalus discolor and up to four times greater in Metrioptera roeselii. However, although no consistent environmental pattern was observed, these phenotypic differences observed in the field could simply have been environmentally induced given the spread of the species into novel parts of the landscape. Equally, macropters may dominate recently colonized populations simply because they can get there. Yet, controlling for environment in the laboratory, C. discolor nymphs from expanding range margin populations were more than three times as likely, and M. roeselii nymphs seven times as likely (although there were only 8 macropters in total), to develop into macropterous adults as nymphs from range core populations, which further supports our hypotheses for evolutionary changes in dispersal. However, only one generation was reared, so we cannot discount delayed environmental effects (maternal effects; Roff 1996) .
Both field and laboratory observations revealed an effect of population density on the propensity to develop as one wing morph or the other. Controlling for density in the laboratory, there remained a difference between range core and range margin populations, suggesting genetic differences. However, if the effect of density is strong, these genetic differences may be masked in natural conditions. Thus, differences observed in the field could be purely a consequence of phenotypic plasticity.
In contrast to most wing-dimorphic Orthoptera, which show positive density dependence (Strong and Stiling 1983; Denno and Roderick 1992; Matsumura 1996; Harada et al. 1997) , our field and laboratory results show a negative effect of population density in C. discolor, and field observations suggest negative density dependence in M. roeselii. Recently colonized populations tend to have low population density (MacArthur and Wilson 1967; Law et al. 2003) , and so in a species exhibiting negative density dependence, numbers of macropters should be high in these marginal areas. However, the analysis of our field observations revealed no correlation between the distance from the range core and population density in either species, so we cannot assume that this is the case for C. discolor and M. roeselii.
When testing C. discolor for an effect of density under controlled conditions, negative density dependence was observed only in range margin populations; there was no significant effect within range core populations. Furthermore, this species exhibits positive density dependence in Italy and France (Ando and Hartley 1982) , which may be considered the global range core of the species (Bellmann 1988) . Wing dimorphism in insects is likely to be controlled by a hormone (most likely juvenile hormone) titer mediated by a threshold of response (Southwood 1961; Wigglesworth 1961; Roff 1986 Roff , 1994 Fairbairn 1994; Zera and Denno 1997; Zera et al. 1998 ; but see also Zera 1999) . Hormone titer and threshold may be influenced by both environment and underlying genotype (Fairbairn 1994 ). One possible model for our species is that the population density experienced mediated by a threshold of response determines whether an individual develops as a macropter or brachypter. Conocephalus discolor exhibits different responses to density throughout its distribution, suggesting a shift in reaction norm from range core to range margin populations, potentially as a consequence of colonization events selecting for individuals that are more likely to develop into macropters. Thus, although the response to density appears to be strong in these species, we suggest that there are genetic differences between range core and range margin populations underlying this plastic response. Given that there has been no study into the physiology of wing morphology in these species, this conclusion should be considered tentative. Nonetheless, our results are consistent with such an explanation.
Increased dispersal distances, in addition to increased proportions of individuals dispersing, are predicted to evolve within spatially varying landscapes (Murrell et al. 2002) . As well as changes in dispersal morphology, we observed that laboratory-reared macropterous C. discolor from the range margin experimentally flew nearly four times farther than macropters from the range core. Observed range expansion in C. discolor has accelerated over time; from a rate of 1.22 km/year (1976 ) to 7.44 km/year (1990 Simmons 2003) . Using the van den Bosch et al. (1990) model of range expansion, Simmons (2003) showed that initial and more recent rates of spread could be predicted using the different observed flight distances of range core macropters (giving a predicted rate of spread of 1.24 km/year) and range margin macropters (giving a predicted rate of 6.70 km/year). Thus, observed changes in both the frequency of migrants and the distances that they can disperse are likely to have determined rates of range expansion in C. discolor. Accelerating rates of range expansion have typically been explained by purely ecological mechanisms (Shigesada and Kawasaki 1997) . We suggest that these patterns may also be achieved through evolutionary changes in dispersal.
Once populations become established, individuals with a high reproductive output should be favored (Travis and Dytham 2002) . In C. discolor, we observed a reproductive cost to macroptery in both males and females, which may explain why populations colonized for more than 5-10 years have similar proportions of macropterous individuals to much-longer-established range core populations. Many species show a trade-off between dispersal and reproduction (e.g., Roff 1984; Ando and Hartley 1988; Isaacs and Byrne 1998; Tanaka and Suzuki 1998; Crnokrak and Roff 2000; Langellotto et al. 2000; Roff et al. 2002 ; see also Zera and Denno 1997), so we predict selection for reduced rates of dispersal to be common in established populations. Populations should then revert to a feedback loop favoring lower dispersal habitat specialists in established populations; reversion may be rapid, as appears to be the case with C. discolor and M. roeselii. Once a rapidly expanding range boundary reaches its environmental limits, selection at the boundary would be expected to revert to being dominated by this trade-off, and the range margin will stabilize.
We propose that range margins are characterized by contrasting evolutionary processes in different states. Static range margins may be characterized by low-dispersal specialists. Low dispersal rates arising from reproductive trade-offs permit local adaptation, disadvantaging dispersing individuals further, a process that feeds back on itself (Kisdi 2002) . If this cycle can be broken and conditions are favorable, high-dispersal generalists may then evolve in another positive feedback loop. Once range expansion halts again, the new boundary is recaptured by the stable margin feedback. Changes in dispersal could have a dramatic impact on the ecology and biogeography of a species (see appendix in the online edition of the American Naturalist for further discussion), although for any given area in the landscape these changes may be short-lived. Paleobiologists emphasize the importance of ecological processes and stress evolutionary stasis as driving the biogeographic responses of species to postglacial and recent climatic change (Coope 1995) . We suggest that transient evolutionary changes may be an important mechanism underlying these ecologically consistent responses.
